Abstract. Flexibility of the Council for Scientific and Industrial Research's Rheocasting System (CSIR-RCS) and its rheo-high pressure die casting (R-HPDC) technology is again demonstrated, as with aluminium alloys, by processing and shape casting of three different magnesium alloys (AM50A, AM60B, AZ91D) in a first attempt. All as-cast microstructures are characterised more by rosette shaped globules of the primary-(Mg) phase together with Mg 17 Al 12 as evidence of nonequilibrium cooling rates. Surface liquid segregation is observed in the as-cast microstructure for all three alloys. Minor alloy additions of Mn, in composition specifications, results in the formation of Al 8 Mn 5 intermetallic phase particles dispersed throughout the microstructure. All alloys were homogenised at 415 °C for 16 hours for the T4 condition. The Mg 17 Al 12 phase dissolves with homogenisation while the Al 8 Mn 5 intermetallic phase does not dissolve. The resulting tensile properties of all three alloys in the as-cast and T4 conditions are reported.
Introduction
Magnesium alloys are finding more applications in automotive, aircraft and electronic consumer markets because of its excellent specific strength under which AM50A, AM60B and AZ91D are the most common commercial cast magnesium alloys [1] . Component production is largely dominated by pressure die casting of magnesium alloys although most other traditional casting processes could be used for production depending on process and alloy requirements [2] .
Semi-solid forming is a relatively new technique to process and produce alloy components. Semi-solid processing relies on shaping alloys in the semi-solid state. Thixo-processing is a collection of techniques where solid metal is heated into the liquid + solid two phase region before shaping. Rheo-processing is the collection of techniques where liquid metal is cooled into the liquid + solid two phase region before shaping. Magnesium alloys have been shaped via these different semi-solid processing techniques [3] [4] [5] [6] [7] [8] [9] [10] .
The Council for Scientific and Industrial Research (CSIR) developed and patented a rheoprocessing system which uses combined coils of induction stirring and simultaneous forced air cooling [11] called the CSIR Rheocasting System (CSIR-RCS) as part of a high pressure die casting (HPDC) cell. Previously processed alloys include Al-7Si-Mg [12] and Al-Cu-Mg-(Ag) [13] casting alloys, Al-Cu-Mg, Al-Mg-Si and Al-Zn-Mg-Cu wrought alloys [14, 15] , SiC p /Al metal matrix composites [16] and more recently high purity aluminium [17] and unmodified Al-Si binary eutectic [18] .
The aim of this work is to demonstrate flexibility of the CSIR's rheo-high pressure die casting (R-HPDC) technology by also processing and casting of three magnesium alloys as well as to report tensile properties for two different temper conditions; without any attempt at process optimisation.
Experimental Procedure
Three magnesium alloys, AM50A, AM60B and AZ91D with nominal compositions in wt% are 5 % Al-0.35 % Mn, 6 % Al-0.3 % Mn and 9 % Al-0.7 % Zn-0.2 % Mn respectively, were rheocast on different occasions by following the same basic procedure. Small magnesium alloy ingots were melted in a resistance heated steel crucible under a SF 6 atmosphere. The pouring temperatures were chosen to be about 20 °C above the estimated liquidus temperature from the Mg-Al binary phase diagram. Casting commenced by pouring about 250 g of magnesium alloy into the processing cup after the pouring temperature was reached. The cup is then manually transferring to the small scale version of the CSIR-RCS. Processing starts under the protective atmosphere once the cup is in the processing coil. Processing stops after an elapsed time of between 5 to 12 seconds, depending on the alloy. The semi-solid billet is emptied into the shot sleeve of the LK DCC130 HPDC machine. Injection is triggered manually to follow the pre-set shot control injection profile. The shape of the castings is a plate of 100 mm x 55 mm x 6mm (Fig. 1) . Figure 1 . Example of the plate castings that were produced with R-HPDC; including runner and biscuit.
Three plates of each alloy were kept in the as-cast condition and three plates were homogenised in an air circulating furnace at 415 °C for 16 hours without a protective atmosphere. The homogenised plates were fan cooled in the furnace after the thermal treatment to produce the T4 condition.
Samples were cut from the bottom of the plate and mounted in bakalite; ground with SiC abrasive paper and polished with colloidal SiO 2 . The as-cast samples were etched with an aqueous solution of 60 ml ethylene glycol, 20 ml acetic acid and 1 ml HNO 3 . Microstructures were imaged with a Leica DMI5000 M optical microscope equipped with a Leica DFC480 camera and Image-Pro MC v6.0 software.
Four longitudinal tensile specimens with gauge section dimensions of 32 mm x 5mm x 6mm were machined from each plate in both conditions; the centre of the gauge section corresponding to the middle of the width of the plate. Tensile tests were performed with an Instron 1342.
Results and Discussion
Plates of AM50A, AM60B and AZ91D were successfully R-HPDC with the CSIR-RCS and HPDC. The surface finishes of all alloys were bright. Fig. 2 shows the cross sections of the different magnesium alloys in the as-cast condition. The surface of the plate is at the top of the images while the middle of the plate is at the bottom of the plate. The surface liquid segregation phenomenon is evident in the all the alloys. It has been noted before that liquid surface segregation is an artefact of semi-solid forming, especially of rheocast alloys [19] . It is macro level segregation in which the liquid and the solid phases separate during casting. The liquid phase is preferentially pushed to the flow front and solidifies first of the surface of the die cavity. The microstructure of all the alloys in Fig. 2 are characterised by a light phase and a dark phase. The light phase is the primary-(Mg) crystals (grains) and the solid phase in the semi-solid billet. One of the aims of semi-sold processing is to produce the primary phase in the shape of spherical globules (grains) but there is always a tendency to rosette shapes due to the compositional segregation field around globules during solidification. AZ91D in Fig.2c has the most spherical globules because of the small solidification temperature interval compared to AM50A (Fig.2a) and AM60B (Fig.2b) . No attempt was made to quantify the grain size because of the lack of sphericity in these initial trials. The dark phase was the liquid phase in the semi-sold billet and is characterised by the eutectic structure of (Mg) and Mg 17 Al 12 . Normally AM50A, AM60B and AZ91D are single phase equilibrium alloys that should not exhibit Mg 17 Al 12 , but appears here due to micro segregation of alloying elements during processing and the fast non-equilibrium cooling rate during HPDC.
All three alloys were homogenised to reduce the non-equilibrium eutectic fraction which is expected to be detrimental to tensile elongations. A temperature of 415 °C was chosen which is below the equilibrium eutectic temperature for (Mg) and Mg 17 Al 12 at 437 °C but high enough to dissolve all the Mg 17 Al 12 in a reasonable time. Microstructures of all the alloys in Fig. 3 reveal that 16 hours was long enough for homogenisation. 
Solid State Phenomena Vols. 192-193 227
Homogenisation without a protective atmosphere did not influence the surfaces of the AM50A and AM60B plates. The AZ91D plates formed a black powder product on the surface of the plates. It is believed that it was a result of de-zincification. The black areas in Fig. 3c look like porosity but no porosity was observed in the as-polished samples of the AZ91D sample and it is deduced that its appearance is an etch effect of probably a zinc containing phase. Fig. 3 also shows clearly a number of small particles in all three magnesium alloys in the T4 condition. These particles did not dissolve with the homogenisation heat treatment and the particles were observed to be in the as-cast microstructures. These small particles are not very clear in as-cast microstructures of Fig.2 because of the rest of the structural detail. In Fig. 4a the particles are more clearly visible at higher magnification with the optical microscope. A scanning electron microscope (SEM) equipped with energy dispersive x-ray spectroscopy (EDS) was used to identify the composition of these particles. The results are shown in Fig. 4b and 4c and Al 8 Mn 5 have been observed in the rheocast microstructure of AZ91D [20] but no literature could be found of it in AM50A or AM60B. During rheo-processing the liquid phase is enriched with alloying elements from which non-equilibrium phases can form even if the nominal composition for a specific element is within the specification limits.
Generally manganese is added for corrosion resistance by forming Al 6 MnFe x and preventing the formation of Al 3 Fe while in excess Mn forms a quite cathodic Al 8 Mn 5 [21] . Corrosion of the alloys in this study in the as-cast and T4 conditions is the subject of a companion paper submitted to this S2P2012 conference [22] .
The tensile properties for the three alloys in the as-cast and T4 conditions are shown in Table 1 . The as-cast yield strength values are generally lower than typical properties for these alloys in the as-cast condition while the percentage elongations are better than expected. The elongation between Table 1 for AD91D in the T4 condition. 
